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ABSTRACT 
The inc reased  emphasis on f u e l  c o n s e r v a t i o n  i n  t h e  world h a  
s t i m u l a t e d  a series o f  s t u d i e s  of b o t h  conven t iona l  and unconven t iona l  
p ropu l s ion  systems f o r  commercial a i r c r a f t .  
t h e s e  s t u d i e s  i n d i c a t e  t h a t  a f u e l  s a v i n g  of 1 4  t o  40 percen t  may b e  
r e a l i z e d  by t h e  use  of an advanced high-speed turboprop. 
must b e  capable  of h i g h  e f f i c i e n c y  a t  Mach 0.8 c r u i s e  above 9.144 km 
(30,000 f t )  a l t i t u d e  i f  It is t o  compete w i t h  turbofan powered commercial 
a i r c r a f t .  
r e c e n t  wind tunne l  t es t s  under NASA sponsor sh ip  on two p r o p e l l e r  models. 
These concepts i n c l u d e d  aerodynamical ly  i n t e g r a t e d  p r o p e l l e r / n a c e l l e s ,  
a r e a - r u l i n g ,  b l a d e  sweep, reduced b l a d e  t h i c k n e s s  and power ( d i s k )  
l o a d i n g s  s e v e r a l  times h i g h e r  t h a n  c o n v e n t i o n a l  des igns .  
d e s i g n  methodology f o r  t h e s e  models i s  d i s c u s s e d  i n  t h i s  paper .  
a d d i t i o n ,  some of t h e  p r e l i m i n a r y  tes t  resul ts  a r e  presented which 
i n d i c a t e  t h a t  p r o p e l l e r  n e t  e f f i c i e n c i e s  n e a r  80 pe rcen t  were o b t a i n e d  
f o r  high d i s k  l o a d i n g  p r o p e l l e r s  o p e r a t i n g  a t  Mach 0.8. 
P re l imina ry  r e s u l t s  from 
This  tu rboprop  
Seve ra l  advanced aerodynamic concepts  were i n v e e t i g a t e d  in 
The aerodynamic 
I n  
INTRODUCTION 
The i n c r e a s e d  emphasis on f u e l  c o n s e r v a t i o n  i n  t h e  world h a s  s t i m -  
u l a t e d  a series of s t u d i e s  of  b o t h  c o n v e n t i o n a l  and unconvent ional  pro- 
p u l s i o n  systems f o r  commercial a i r c r a f t  ( r e f s .  1 t o  1 3 ) .  P r e l i m i n a r y  
r e s u l t s  from s e v e r a l  of  t h e s e  s t u d i e s ,  made under NASA s p o n s o r s h i p  by 
b o t h  engine and a i r f r a m e  m a n u f a c t u r e r s ,  i n d i c a t e  t h a t  t h e  use  of an 
advanced h igh  speed tu rboprop  p r o p u l s i o n  system o f f e r s  one of  t h e  most 
promising means of a c h i e v i n g  s i z a b l e  f u e l  s a v i n g s  and DOC r e d u c t i o n s  
f o r  f u t u r e  a i r c r a f t .  
is shown i n  f i g u r e  l w h e r e  b lock  f u e l  consumed and DOC s a v i n g s  are 
p r e s e n t e d  f o r  an advanced Mach 0.8 c r u i s e  tu rboprop  compared w i t h  b o t h  
c u r r e n t  and f u t u r e  advanced t u r b o f a n  powered a i r c r a f t .  I n  t h e s e  s t u d i e g  
a n e t  p r o p e l l e r  e f f i c i e n c y  of 79.5 p e r c e n t  a t  Mach 0 .8  was assumed a long  
w i t h  an advanced l e v e l  of technology f o r  t h e  c c r e  eng ine ,  gearbox,  and 
p r o p e l l e r  s t r u c t u r e s .  As summarized i n  f i g u r e  1, the  advanced tu rboprop  
A summary of t h e  e s s e n t i a l  r e s u l t s  of t h e s e  s t u d i e s  
STAR c a t .  01 
2 
could r e su l t  i n  f u e l  r e d u c t i o n s  o f  from 10 t o  28 p e r c e n t  f o r  s t a g e  l e n g t h  
mieeions from 1296 t o  3704 km (700 t o  2000 n m i ) .  For a v e r y  o h o r t  mia r ion  
185.2 km (100 n mi) a f u e l  s a v i n g  of  up  t o  40 percen t  wae p r o j e c t e d  i n  
r e f e r e n c e  7 .  I n  a d d i t i o n ,  an advanced turboprop could resul t  i n  DOC 
s a v i n g  of from 3 t o  5 . 3  p e r c e n t  assuming Bc/li ter  ( 3 0 c / g a l )  f u e l  o r  from 
4.5 t o  8.2 p e r c e n t  f o r  1 6 ~ / l i t e r  (60c /ga l )  f u e l .  
This advanced tu rboprop  must be capable  of h i g h  e f f i c i e n c y  a t  Mach 
0.8 c r u i s e  above 9.144 km (30,000 f t )  a l t i t u d e  i f  i t  i s  t o  compete w i t h  
t u r b o f a n  a i r c r a f t .  I n  t h e  p a s t  i t  was known t h a t  p r o p e l l e r s  were h i g h l y  
e f f i c i e n t  a t  c r u i s e  s p e e d s  up t o  approximately Mach 0.65. However, above 
t h i s  speed l a r g e  c o m p r e s s i b i l i t y  l o s s e s  on t h e  p r o p e l l e r  b l a d i n g  caused 
t h e  e f f i c i e n c y  t o  f a l l  r a p i d l y .  Th i s  lower e f f i c i e n c y  a t  h i g h e r  speeds  
combined w i t h  a h igh  maintenance burden f o r  t h e  e a r l y  tu rboprops  c o n t r i b u t e d  
t o  t h e  rise of the t u r b o j e t  and t u r b o f a n  p r o p u l s i o n  concap te  f o r  the higher 
speed commercial  a i r c r a f t .  Because of t he  s u c c e s s  of t h e  t u r b o j e t  and 
t u r b o f a n ,  l i t t l e  was done t o  Improve p r o p e l l e r  performance f o r  h i g h e r  
c r u i s e  speeds.  However, w i t h  t h e  o i l  s h o r t a g e  of l a t e  1973 NASA Lewie 
Research Center a l o n g  w i t h  Hamilton Standard conducted s e v e r a l  s t u d i e s  t o  
e x p l o r e  t h e  energy s a v i n g  p o t e n t i a l  of  app ly ing  advanced aerodynamic 
and s t r u c t u r a l  t echno logy  t o  t h e  high speed p r o p e l l e r .  Some of t h a  
aerodynamic concep t s  t h a t  were e v a l u a t e d  a r e  d i s c u s s e d  i n  r e f e r e n c r a  1 4  
and 15 and i n c l u d e :  h i g h l y  i n t e g r a t e d  p r o p e l l e r / n a c e l l e s ,  b l a d e  t i p  .sweep, 
a r e a - r u l i n g ,  reduced b l a d e  t h i c k n e s s ,  and advanced a i r f o i l s .  I n  a d d i t i o n ,  
t o  h o l d  p r o p e l l e r  d i a m e t e r s  t o  a r easonab le  v a l u e  f o r  Mach 0 .8  cruioe above 
9 .144  km (30,000 f t )  a l t i t u d e  power ( d i s k )  l o a d i n g s  s e v e r a l  t imeo h i g h e r  
t h a n  conven t iona l  d e s i g n s  are r e q u i r e d .  These h igh  l o a d i n g s  then would 
r e q u i r e  i n c r e a s i n g  t h e  number of p r o p e l l e r  b l a d e s .  From t h e  i n i t i a l  
r e s u l t s  of  t h e s e  s t u d i e s  ( r e f .  15) i t  was e s t i m a t e d  t h a t  a n  advanced 
tu rboprop  can b e  des igned  w i t h  i n s t a l l e d  p r o p u l s i v e  e f f i c i e n c i e s  a t  Mach 
0.8 c r u i s e  t h a t  would b e  about  15 pe rcen t  h i g h e r  t h a n  t h e  b e s t  advanced 
t u r b o f a n  ( f i g .  2 ) .  A n  ar t is t  s k e t c h  of a t y p i c a l  advanced Low Energy 
Turboprop Transpor t  is shown i n  f i g u r e  3 .  
I n  s u p p o r t  of  t h e s e  e a r l y  s t u d i e s  of h i g h  speed p r o p e l l e r s  two ad- 
vanced p r o p e l l e r  models were designed and wind t u n n e l  t e s t e d  t o  e v a l u a t e  
t h e i r  performance. S e v e r a l  of t h e  advanced aerodynamic concep t s  were ln- 
c o r p o r a t e d  i n  t h e  d e s i g n  of t h e s e  models. Th i s  work was done by Hamilton 
S tanda rd  under  contract t o  NASA Lewis Research Cen te r .  I n i t i a l  r e s u l t e  
from t h e s e  tests are p r e s e n t e d  i n  r e f e r e n c e  15. 
p a p e r ,  t h e r e f o r e ,  t o  d i s c u s s  t h e  aerodynamic d e s i g n  methodology f o r  thaee 
models and p r e s e n t  some of t h e  more i n t e r e s t i n g  t e s t  r e s u l t s .  Th i s  work 
d i s c u s s e d  above h a s  been  d i r e c t e d  toward energy c o n s e r v a t i o n  f o r  advanced 
comercia!. a i r c ra f t ,  however, t h e  r e s u l t s  t h a t  w i l l  b e  covered i n  t h i s  
pape r  should a l s o  b e  a p p l i c a b l e  t o  t h e  h i g h e r  performance b u s i n e s s  
a i r c r a f  t o  
It is  t h e  purpose of t h i s  
3 
THEORETICAL ADVANTAGES OF TURBOPROPS 
The i n h e r e n t  t h e o r e t i c a l  advan tages  o f  a turboprop p ropu l so r  can 
be demonstrated from simple momentum t h e o r y .  I d e a l  p ropu l s ive  e f f i c i e n c y  
i e  shown i n  f i g u r e  4 a s  a f u n c t i o n  of f a n  p r e s s u r e  r a t i o  which i e  
analogous t o  power l o a d i n g  These c u r v e s  were der ived f o r  f l i g h t  Mach 
numbers from 0 , l  t o  0 .8  u s i n g  s i m p l e  momentum theory  and r e p r e s e n t  on ly  
t h e  induced axial  l o s s  The c a l c u l a t i o n s  assumed an a d i a b a t i c  f a n  
e f f i c i e n c y  of 1 . 0  and i n c l u d e d  no v i s c o u s  l o s s e s .  The ranges i n  f a n  
p r e s s u r e  r a t i o  t y p i c a l  f o r  each type  of p r o p u l s o r  a r e  i n d i c a t e d .  
Conventional p r o p e l l e r s  g e n e r a l l y  were l i g h t l y  loaded with f a n  p r e s s u r e  
r a t i o s  up t o  about 1 .03 .  Advanced p r o p e l l e r s  r e q u i r e  more power t o  f l y  
a t  h ighe r  speeds.  Also,  because of t h e  low a i r  d e n s i t y  a t  t h e  h i g h e r  
c r u i s e  a l t i t u d e s ,  a h i g h e r  power l o a d i n g  i s  r e q u i r e d  t o  keep t h e  p r o p e l l e r  
d i ame te r  t o  a r easonab le  s i z e .  Fan p r e s s u r e  r a t i o s  f o r  t h e  h i g h e r -  
loaded advanced p r o p e l l e r s  w i l l  range from about  1.03 t o  1 .07.  
bypass  r a t i o  t u r b o f a n s  are more h i g h l y  loaded  w i t h  f a n  p r e s s u r e  r a t i o s  
g e n e r a l l y  g r e a t e r  t han  1 . 3 .  
High 
The d e s i g n  p o i n t  e s t a b l i s h e d  f o r  t h e  i n i t i a l  advanced tu rboprop  
eng ines  included a power l o a d i n g  o f  301 kW/m2 (37.5 S H P / D 2 )  a t  243.8 m/sec 
(800  f t / s e c )  t i p  speed and 10 .668  km (35,000 f t )  a l t i t u d e .  These con- 
d i t i o n s  r e s u l t e d  i n  a d e s i g n  i n t e g r a t e d  f a n  ressure r a t i o  of 1 . 0 4 7 .  I n  
load ing  used on p rev ious  c o n v e n t i o n a l  p r o p e l l e r  a i r c r a f t  such as t h e  
Lockheed E lec t r a /P -3 .  
is p r o j e c t e d  t o  have a f a n  p r e s s u r e  r a t i o  of about 1 . 6 .  T h e r e f o r e ,  from 
f i g u r e  4 ,  t h e  i d e a l  e f f i c i e n c y  f o r  t h e  advanced turboprop a t  Mach 0.8 
c r u i s e  would be 97 p e r c e n t ,  w h i l e  t h a t  f o r  t h e  comparable t u r b o f a n  would 
b e  80 p e r c e n t .  The tu rboprop  e x h i b i t s  t h e r e f o r e  an i n h e r e n t  1 7  p e r c e n t  
b e n e f i t .  
lower f l i g h t  speeds.  
term of power l o a d i n g  301 kW/m2 (37.5 SHP/D 8 ) is about t h r e e  times t h e  
A t y p i c a l  advanced t u r b o f a n  of  comparable technology 
A s  seen i n  f i g u r e  4 t h i s  i d e a l  advantage would be l a r g e r  a t  
The s imple  momentum t h e o r y  however does no t  account fo r  t h e  r e s i d u a l  
Th i s  s w i r l  i s  a l o s s  t h a t  is unique t o  s w i r l  l o s s  in t h e  p r o p e l l e r  wake. 
a p r o p e l l e r  s i n c e  i t  i s  no t  recovered by  s t a t o r s  as it  would be  i n  a f a n  
engine.  The re fo re ,  t h e  i d e a l  p r o p e l l e r  e f f i c i e n c y  shown i n  f i g u r e  4 h a s  
t o  b e  c o r r e c t e d  f o r  t h i s  l o s s .  
comparing t h e  b a s k  ax ia l  momentum l o s s  w i t h  t h e  t o t a l  induced loss for  
a c o n f i g u r a t i o n  w i t h  an i n f i n i t e  number of b l a d e s .  This loss i s  s h a m  i n  
f i g u r e  5 i n  terms of i d e a l  p r o p e l l e r  e f f i c i e n c y  as a f u n c t i o n  of power 
load ing .  A t  t h e  power l o a d i n g  s e l e c t e d  f o r  t h e  p r o p e l l e r  d e s i g n  (which 
w i l l  b e  d i s c u s s e d  l a t e r )  t h e  s w i r l  r e p r e s e n t s  about  7 pe rcen t  performance 
p e n a l t y .  
t h i s  p e n a l t y  if coun te r  r o t a t i o n  p r o p e l l e r s  are considered.  This more 
mechan ica l ly  complex approach i s  b e i n g  c o n s i d e r e d  a s  an a l t e r n a t e  propul-  
s i o n  concep t  f o r  t h e  advanced t u r b o p r o p ,  however, i t  w i l l  n o t  b e  covered 
i n  this pape r .  
The s w i r l  loss i s  shown i n  f i g u r e  5 by 
However, i t  should b e  p o s s i b l e  t o  e l i m i n a t e  a l a r g e  p a r t  of 
A f u r t h e r  c o r r e c t i o n  a l s o  has  t o  b e  rncidti I i ) r  p r o p e l l e r s  which i o  
a s s o c i a t e d  w i t h  t i p  losses f o r  a f i n i t e  number o f  b l a d e s .  F igu re  5 
shows t h a t  t i p  l o s s e s  increase d r a m a t i c a l l y  as t h e  number of b l a d e s  is 
reduced,  A t  t he  h i g h e r  power l o a d i n g s  t h e  t i p  l o s s e s  w i t h  two o r  four 
b l a d e s  a r e  excess ive .  With an e i g h t  b l a d e  p r o p e l l e r  t h e  t i p  l o s s e s  
are t o l e r a b l e .  For any number of  b l a d e s ,  p r o p e l l e r  e f f i c i e n c y  i n c r e a e e o  
as power load ing  is dec reased .  But such an i n c r e a s e  I n  aerodynamic 
e f f i c i e n c y  would r e q u i r e  l a r g e r  p r o p e l l e r  d i a m e t e r s  and the reby  in-  
crease b l a d e  and gearbox we igh t .  These c o n s i d e r a t i o n s  r e s u l t e d  i n  an 
e i g h t  b l a d e  p r o p e l l e r  w i t h  a power l o a d i n g  of 301 kW/m2 (37.5 HP/f t2)  
f o r  an i n i t i a l  d e s i g n ,  The t i p  l o s s  f o r  t h i s  d e s i g n  i s  n e a r l y  5 p e r c e n t  
and t h e  t o t a l  loss ( s w i r l  and t i p )  above t h e  a x i a l  momentum loss is  
about  1 2  pe rcen t .  However even w i t h  t h e s e  two a d d i t i o n a l  p e n a l t i e s ,  
i t  i s  e v i d e n t  from f i g u r e s  4 and 5 t h a t  t h e  h i g h l y  loaded tu rboprop  a t  
Mach 0.8 s t i l l  shows a s i g n i f i c a n t l y  h i g h e r  i d e a l  e f f i c i e n c y  t h a n  the 
h i g h  fan  p r e s s u r e  r a t i o  t u r b o f a n  (85 p e r c e n t  v s  80 p e r c e n t ) .  
advantage f o r  t he  tu rboprop  would be c o n s i d e r a b l y  l a r g e r  i f  t h e  t u r b o f a n  
performance was a d j u s t e d  f o r  fan  l o s s e s  due t o  f a n  a d i a b a t i c  e f f i c i e n c y ,  
i n l e t  r ecove ry ,  nozz le  e f f i c i e n c y ,  and cowl d rag .  
This 
DESIGN OF ADVMCED PROPELLERS 
S e v e r a l  advanced aerodynamic concep t s  need t o  be  cons ide red  i f  a 
p r o p e l l e r  is t o  ach ieve  a h i g h  l e v e l  of e f f i c i e n c y  f o r  c r u i s e  a t  Mach 0.8 
above 9 .144  km (30,000 f t ) .  A summary of some of t h e  more impor t an t  
a e r o d y n a i c  concepts  is shown i n  f i g u r e  6 .  These cciicepts i n c l u d e :  t h e  
use of reduced b l a d e  t h i c k n e s s  and sweep t o  minimize c o m p r e s s i b i l i t y  loooes; 
t a i l o r e d  n a c e l l e  blockage and s p i n n e r  a r e z + r u l i n g  t o  r educe  t h e  f low 
v e l o c i t y  through t h e  b l a d i n g  t o  minimize choking and p a r t i c u l a r l y  compreesi-  
b i l i t y  l o s s e s  i n  t h e  b l a d e  r o o t s ;  and l a s t l y ,  t h e  u s e  of advanced a i r f o i l  
technology.  When s t u d i e d  i n d i v i d u a l l y  a l l  of  t h e s e  concepts  t h e o r e t i c a l l y  
i n d i c a t e  some b e n e f i t ,  however ve ry  f e w  have been adequa te ly  i n v e s t i g a t e d ,  
To r e a l i z e  t h e  performance b e n e f i t s  r e q u i r e d , s e v e r a l  o r  a l l  of t h e  above 
concep t s  may have t o  b e  employed s u c c e s s f u l l y .  A f u r t h e r  d i s c u s s i o n  of 
each of t h e s e  concepts  w i l l  b e  made i n  t h e  fo l lowing  pa rag raphs .  
The advantage of reduced b l a d e  t h i c k n e s s  on r educ ing  c o m p r e s s i b i l i t y  
l o s s e s  i s  exp la ined  u s i n g  f i g u r e s  7 and 8. F i g u r e  7 shows t h r e e  b l a d e  
t h i c k n e s s  d i s t r i b u t i o n s  t h a t  were wind t u n n e l  t e s t e d  back i n  t h e  mid 
1950's u s i n g  l i g h t l y  loaded two-bladed p r o p e l l e r  models.  For r e f e r e n c e  
t h e  b l a d e  w i t h  t h e  i n t e r m e d i a t e  t h i c k n e s s  ( t 2 )  w a s  c l o s e  t o  t h e  t h l c k n e s e  
d i s t r i b u t i o n  of t h e  Lockheed E l e c t r a / P - 3  p r o p e l l e r .  The b l a d e  w i t h  t h e  
lowes t  v a l u e  of t h i c k n e s s  d i s t r i b u t i o n  ( t i >  had a t h i c k n e s s  of 2 p e r c e n t  
a t  t h e  t i p .  F u l l  scale c o n s t r u c t i o n  of a t h i n  b l a d e  such as tl was n o t  
p o s s i b l e  i n  t h e  1 9 5 0 ' s .  A t  t h a t  t i m e  f a b r i c a t i o n  w a s  l i m i t e d  t o  a l l  
metal b l a d e s .  
composite s p a r i s h e l l  concept t h i n  b l a d e  c o n s t r u c t i o n  ( i . e .  t l )  shou ld  b e  
p o s s i b l e  i n  t h e  f u t u r e .  
f o r  each of t h e  t h r e e  b l a d e  t h i c k n e s s  d i s t r i b u t i o n s  as a f u n c t i o n  of 
However, w i t h  advanced f a b r i c a t i o n  technology u s i n g  the 
F i g u r e  8 shows t h e  maximum e f f i c i e n c y  observed 
number. The maximum e f f i c i e n c y  f o r  each was f a i r l y  high a t  Mach 
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numbers below 0.7 
r a p i d l y  excep t  f o r  t h e  t h i n n e s t  p r o p e l l e r  ( t l> which had a peak e f f i c i e c c y  
o f  82 p e r c e n t  a t  Xach 0.8. These r e s u l t s  a r e  a consequence of t h e  fact  
t h a t  t h e  d r a g  r ise  Mach number i s  h i g h e r  f o r  t h i n n e r  a i r f o i l  s e c t i o n s ,  
However, i t  should  b e  n o t e d  t h a t  p r o p e l l e r s  are n o t  g e n e r a l l y  r u n  a t  
t h e i r  maximum e f f i c i e n c y  c o n d i t i o n  s i n c e ,  a s  w i l l  b e  seen l a t e r  i n  t h e  
d a t a ,  t h e  p a r e r  abso rbed  i s  too  low from a p r o p e l l e r  weight  s t a n d p o i n t .  
The t r e n d s  demonst ra ted  w i t h  t h e s e  d a t a  are s i g n i f i c a n t  however s ince  they  
show t h e  d e f i n i t e  a d v a n t a g e  of t h i n n e r  b l a d e s  a t  t h e  h i g h e r  c r u i s e  speeds .  
However a t  h i g h e r  s p e e d s  t h e  e f f i c i e n c y  dropped 
B lade  r o t a r y  t i p  speed  Is s e l e c t e d  based  on a compromise between 
aerodynamics  and a c o u s t i c s .  A t  c r u i s e  c o n d i t i o n s  h i g h  t i p  s p e e d s  r e s u l t  
i n  lower induced l o s s e s ,  however ,  if t i p  r e l a t i v e  Mach numbers s i g n i f i c a n t l y  
exceed  Mach 1 b l a d e  d r a g  l o s s e s  i n c r e a s e  and h i g h  n o i s e  may r e s u l t .  
A t  t a k e o f f ,  a s u b s o n i c  t i p  speed  i s  r e q u i r e d  t o  keep  a i r p o r t  community 
n o i s e  low. Based on t h e s e  c o n s i d e r a t i o n s  a t i p  speed  of 2 4 3 . 8  m/sec 
(800 f t f s e c ) ,  f o r  t a k e o f f  and c r u i s e ,  was s e l e c t e d  f o r  t h e  i n i t i a l  advanced 
t u r b o p r o p  des ign .  T h i s  t i p  s p e e d  r e s u l t s  i n  a r e l a t i v e  t i p  Mach number 
o f  1 . 1 4  a t  Mach 0 .8  c r u i s e  
The concept  of b l a d e  sweep i n  a p r o p e l l e r  d e s i g n  r e l i e s  on t h e  
s i m p l e  c o s i n e  r u l e  which r e d u c e s  t h e  e f f e c t i v e  Mach number a t  a b l a d e  
s e c t i o n  as a f u n c t i o n  of  t h e  sweep a n g l e .  I n c r e a s e d  c r u i s e  p e r r o m a n c e  
may b e  p o s s i b l e  w i t h  sweep b e c a u s e  t h e  b l a d e  l e a d i n g  edge  c a n  b e  k e p t  
s u b s o n i c  and t h e r e b y  r e d u c e  shock  s t r e n g t h  and lower  c o m p r e s s i b i l i t y  
d r a g .  S i n c e  t h e  n o i s e  of h i g h  t i p  speed  p r o p e l l e r s  i s  i n f l u e n c e d  by 
b l a d e  shock  s t r e n g t h ,  sweep might  a l s o  r e d u c e  c r u i s e  n o i s e .  The u s e  
of  advanced s u p e r c r i t i c a l  b l a d e  s e c t i o n s  i n  a h i g h  t i p  speed p r o p e l l e r  
d e s i g n  would a l s o  r e q u i r e  sweep t o  keep t h e  r a t h e r  b l u n t  b l a d e  s e c t i o n s  
a t  a s u b s o n i c  speed where  t h e y  cou ld  produce  s u p e r i o r  l l f t - t o - d r a g  r a t i o s .  
The t e c h n i q u e  o f  d e s i g n i n g  sweep i n t o  a p r o p e l l e r  b l ade  c a n  be shown 
u s i n g  f i g u r e  9 .  T h i s  f i g u r e  shows r e l a t i v e  Mach number a c r o s s  t h e  span  
of t h e  p r o p e l l e r  b l a d e  f rom hub- to - t ip  f o r  a 2 4 3 . 8  m/sec (800 f t i s e c )  t i p  
speed  a t  Mach 0 . 8 .  Curve A shows r e l a t i v e  Mach number w i t h o u t  sweep 
( i . e .  a s t r a i g h t  b l a d e )  and s h o u l d  be compared t o  cu rve  B which shows t h e  
d r a g - d i v e r g e n t  Xach number f o r  each r a d i a l  l o c a t i o n ,  Curve B is  f o r  
NACA 16 series b l a d e  s e c t i o n s  w i t h  a t h i c k n e s s  d i s t r i b u t i o n  s i m i l a r  t o  t l  
o f  f i g u r e  7 .  T h i s  compar ison  shows t h a t  e s s e n t i a l l y  a l l  o f  t h e  b l a d e  
s e c t i o n s  are i n t o  d r a g  rise. I n  a d d i t i o n ,  t h e  t i p  r e l a t i v e  Mach number 
is up t o  1 . 1 4 .  Curve C shows t h e  e f f e c t i v e  Mach numbers f o r  a p r o p e l l e r  
b l a d e  w i t h  about  30" of sweep. Outboard of  t h e  0 . 6  r a d i u s  s t a t i o n  t h e  
b l a d e s  are swept j u s t  enough t o  keep  t h e  Mach number below d r a g  r i s e  
Inboa rd  of t h i s  s t a t i o n  some s u p p r e s s i o n  of t h e  l o c a l  f low f i e l d  would be  
needed t o  keep t h e  b l a d e  s e c t i o n s  below d r a g  r ise.  Nacelle b lockage  and 
s p i n n e r  a r e a - r u l i n g ,  t h e r e f o r e ,  a re  c o n c e p t s  t h a t  can  be a p p l i e d  t o  t h i s  
r e g i o n  of  a h i g h  speed p r o p e l l e r .  Proper  c o n t o u r i n g  of t h e  s p i n n e r  and 
n a c e l l e  c a n  s i g n f i c a n t l y  r e d u c e  t h e  a x i a l  Xach number i n  the  hub r e g i o n  
of t h e  p r o p e l l e r  as  shown i n  f i g u r e s  10 and 11. F i g u r e  10 shows t h e  l o c a l  
s u r f a c e  Mach number and f i g u r e  11 t h e  Yach number nea r  the p r o p e l l e r  
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l e a d i n g  edge c a l c u l a t e d  u s i n g  t h e  p o t e n t i a l  f l o w  method of r e f e r e n c e  1 7  
f o r  a n a c e l l e  d i a m e t e r  equa l  t o  35 p e r c e n t  of the p r o p e l l e r  d i ame te r .  
Lacal e u r f a c a  Mach numbers approaching 0 .6  were c a l c u l a t e d  f o r  a free- 
s t r e a m  Mach number of 0.8.  A t r a n s o n i c  flow program ( r e f .  18) and a 
compressor program ( r e f .  1 9 )  have a l s o  been used t o  a n a l y z e  t h i s  r eg ion  
of t h e  p r o p e l l e r .  The n a c e l l e  geometry of f i g u r e  10 does result  i n  some 
l o c a l  s u p e r c r i t i c a l  f low n e a r  t h e  m a x i m u m  n a c e l l e  d i a m e t e r .  In  o r d e r  
t o  keep n a c e l l e  d r a g  low t h e  peak l o c a l  Mach number shou ld  b e  k e p t  
below approx ima te ly  Mach 1 . 3  based  on expe r i ence  w i t h  t u r b o f a n  n a c e l l e  
cowlings ( r e f .  2 0 ) .  The e f f e c t  of t h i s  flow f i e l d  s u p p r e s s i o n  on b l a d e  
r e l a t i v e  Mach numbers is shown by curve D of f i g u r e  9 .  An e igh t -b l ade  
p r o p e l l e r  would have gap t o  chord  r a t i o s  l e s s  t han  one i n  t h e  hub 
r e g i o n  and t h e r e f o r e  would b e  s u b j e c t  t o  cascade e f f e c t s .  Also, w i t h  
t h i s  c l o s e  b l a d e  s p a c i n g  and v e r y  t h i c k  b l ade  s e c t i o n s  i n  t h i s  r e g i o n  
l o c a l  f low choking could b e  a s e r i o u s  problem. However, by c a r e f u l l y  
area r u l i n g  t h e  s p i n n e r  i n  t h e  b l a d e  r o o t  r eg ion  t h i s  p o t e n t i a l  problem 
shou ld  b e  minimized. 
The b a s i c  d e s i g n  p rocedure  f o r  an advanced high speed p r o p e l l e r  
w i t h  a h i g h  power l o a d i n g  h a s  become a r a t h e r  complex b l e n d  of conven t iona l  
p r o p e l l e r  d e s i g n  t e c h n i q u e s ,  mod i f i ed  t o  i n c o r p o r a t e  some of  t h e  advanced 
aerodynamic concepts d i s c u s s e d  e a r l i e r  i n  combination w i t h  compressor 
d e s i g n  p rocedures .  A b l o c k  diagram o r  flow c h a r t  i l l u s t r a t i n g  t h e  c u r r e n t  
d e s i g n  p r o c e d u r e  i s  shown i n  f i g u r e  1 2 .  Tnis procedure beg ins  w i t h  a 
p r e l i m i n a r y  a n a l y s i s  where t h e  p r o p e l l e r  d i ame te r ,  number of b l a d e s ,  
WM, and power are s e l e c t e d .  Blade t h i c k n e s s  d i s t r i b u t i o n  is  g e n e r a l l y  
chosen, as mentioned ea r l i e r ,  as t h e  minimum a l lowab le  by stress 
l i m i t a t i o n s ,  a e r o e l a s t i c  c o n s i d e r a t i o n s ,  and t h e  f a b r i c a t i o n  s t a t e - o f -  
t h e - a r t ,  The i n i t i a l  b l a d e  planform (chord d i s t r i b u t i o n  o r  a c t i v i t y  
f a c t o r !  i s  s e l e c t e d  based  on experience and a p r e l i m i n a r y  performance 
a n a l y s i s  of  t h e  d e s i g n  c o n d i t i o n .  With t h e  s e l e c t i o n  of t h e  i n i t i a l  
p r o p e l l e r  geometry and d e s i g n  o p e r a t i n g  c o n d i t i o n s ;  a long  w i t h  a b l a d e  
l e a d i n g  edge v e l o c i t y  g r a d i e n t  (from t h e  s p i n n e r / n a c e l l e  c a l c u l a t i o n s ) ;  
t h e  p r o p e l l e r  is ana lyzed  u s i n g  a conven t iona l  s t r i p  j n t e g r a t i o n  program. 
This program is based on t h e  work of G o l d s t e i n  ( r e f .  2 1 )  and h a s  been 
modified t o  a c c e p t  v e l o c i t y  g r a d i e n t  i n p u t s .  Some o f  t h e  o t h e r  d e t a i l s  
of t h i s  program and i t s  l i m i t a t i o n s  w i l l  b e  d i scussed  l a te r .  With 
t h i s  program t h e  d e s i g n e r  a t t e m p t s  t o  op t imize  induced e f f i c i e n c y  and 
p r o f i l e  e f f i c i e n c y .  The induced e f f i c i e n c y  is optimized by u s i n g  t h e  
optimum ( G o l d s t e i n )  b l a d e  l o a d i n g  d i s t r i b u t i o n  a t  t h e  d e s i g n  p o i n t .  
With t h i s  l o a d i n g ,  t h e  d e s i g n e r  a t t e m p t s  t o  minimize b l a d e  p r o f i l e  d rag  
l o s s e s  by i t e r a t i n g  between a n g l e  of  a t t a c k  and camber. A s  mentioned 
ear l ie r  t h e  b l a d e s  are v e r y  t h i c k  and c l o s e  t o g e t h e r  i n  t h e  hub r e g i o n ,  
t h e r e f o r e  cascade  e f f e c t s  are impor t an t  and choking cou ld  b e  a p o t e n t i a l  
problem. The f low i n  t h i s  r e g i o n  is analyzed and cascade  a i r f o i l s  are 
s e l e c t e d  u s i n g  compressor  programs s imilar  t o  those  of r e f e r e n c e s  22  and 
23 .  The p r o p e l l e r  d e s i g n  must now be  checked a t  t akeof f  and climb 
c o n d i t i o n s .  
t h e  l o w  camber b l a d e s  d e s i g n e d  f o r  h i g h  speed c r u i s e  g e n e r a l l y  need t o  
b e  modif ied t o  a s l i g h t l y  h i g h e r  camber. The i n c l u s i o n  of b o t h  t h e  
Because good low speed performance r e q u i r e s  h igh  camber, 
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hub d e s i g n  and t a k e o f f  c o n s t r a i n t s  r e q u i r e s  a d d i t i o n a l  I t e r a t i o n s  of t h e  
G o l d s t e i n  s t r i p  a n a l y s i s  program t o  i n s u r e  t h a t  t h e  f i n a l  d e s i g n  h a s  t h e  
h i g h e s t  cruise per formance  w i t h  a d e q u a t e  t a k e o f f  performance F u t u r e  
p r o p e l l e r  d e s i g n  and a n a l y s i s  programs,  h o p e f u l l y ,  w i l l  a n a l y z e  t h e  
t o t a l  p r o p e l l e r / n a c e l l e  f l o w  f i e l d  w i t h  a f u l l y  i n t e g r a t e d  c a p a b i l i t y .  
S i n c e  t h e  G o l d s t e i n  s t r i p  i n t e g r a t i o n  program is t h e  b a s i c  t o o l  
t h a t  is used  i n  t h i s  d e s i g n  p r o c e d u r e ,  i t  is wor th  examining how t h e  
e a r l y  work o f  G o l d s t e i n  h a s  been  ex tended  and a l s o  d i s c u s s  some of t h e  
program l i m i t a t i o n s .  A s  was ment ioned  ea r l i e r ,  t h i s  program h a s  been  
m o d i f i e d  t o  a c c e p t  l o c a l  Yach number d i s t r i b u t i o n s  a s s o c i a t e d  w i t h  n a c e l l e  
and s p i n n e r  f low f i e l d  s u p p r e s s i o n .  Th i s  i s  done  by c a l c u l a t i n g  t h e  
induced  v e l o c i t y  a t  each  s t r i p  s e p a r a t e l y  assuming uniform f l m  t o  t h e  
p r o p e l l e r  a t  t h e  l o c a l  s t r i p  Nach number. 
c o m p r e s s i b l e  a i r f o i l  d a t a  f o r  t h e  h i g h  speed  d e s i g n  case. Also ,  t h e  
a n a l y s i s  h a s  been  m o d i f i e d  t o  i n c o r p o r a t e  a c a s c a d e  c o r r e c t i o n  i n  which 
t h e  z e r o  l i f t  a n g l e  and t h e  l i f t  c u r v e  s l o p e  of t h e  a i r f o i l  d a t a  i s  
m o d i f i e d  depend ing  on t h e  l o c a l  gap-to-chord r a t i o .  Another c o r r e c t i o n  
a c c o u n t s  f o r  t h ree -d imens iona l  " t i p  r e l i e f "  (of  c o m p r e s s i b i l i t y  l o s s e s )  
t h a t  depends on local  t i p  aspect r a t i o  Thls c o r r e c t i o n  1s based  on t h e  
data of  r e f e t e n c e  2 4 .  The b l a d e  sweep r o u t i n e  i n  t h e  program a p p l i e s  
s i m p l e  c o s i n e  r u l e  t r e a t m e n t  t o  t h e  a i r f o i l  d a t a  and loca l  v e l a c i t y  
f i e l d .  
The c u r r e n t  program u s e s  
There  are some a r e a s  where t h e  G o l d s t e i n  a n a l y s i s  does  n o t  c o r r e c t l y  
r e p r e s e n t  t h e  t r u e  f low f i e l d .  
l i n e  normal  t o  t h e  a x i s  o f  r o t a t i o n -  When i t  is a p p l i e d  t o  a swept  b l a d e  
t h e  induced  f low v e l o c i t y  and r e s u l t i n g  b l a d e  l o a d i n g  d i s t r i b u t i o n  are 
n o t  c o r r e c t l y  r e p r e s e n t e d .  T h i s  l i m i t a t l o n  can  r e s u l t  i n  t h e  p r e d i c t i o n  
of t o o  h i g h  a l o a d i n g  i n  t h e  o u t b o a r d  r e g i o n  of  a swept b l a d e .  I n  
a d d i t i o n ,  p r o p e l l e r s  w i t h  t i p s  a t  s u p e r s o n i c  s p e e d s  w i l l  produce r educed  
induced  f l o w  n e a r  t h e  t i p  r e g i o n  due t o  t h e  zone of i n f l u e n c e  which is 
l i m i t e d  b y  t h e  a c o u s t i c  v e l o c i t y  ( r e f .  2 5 ) .  T h i s  r e s u l t s  i n  t h e  G o l d s t e i n  
program p r e d i c t i n g  too  low a l o a d i n g  i n  t h i s  r e g i o n .  In  c o n t r a s t  t o  t h i s  
e f f e c t ,  r e f e r e n c e  26 p r e d i c t s  t h a t  wing t i p s  i n  s u p e r s o n i c  f l o w  w i l l  lose 
l i f t .  This r e d u c t i o n  i n  l o a d i n g  may c a n c e l  o u t  some of  t h e  d i f f e r e n c e  
a s s o c i a t e d  w i t h  t h e  u n d e r p r e d i c t i o n  o f  t h e  t i p  l o a d i n g  due co t h e  induced  
f low r e d u c t i o n .  O f  t h e s e  t h r e e  e f f e c t s  o n l y  t h e  reduced  induced  f low 
e f f e c t  ( a s s o c i a t e d  w i t h  s u p e r s o n i c  t i p  s p e e d s )  was i n c o r p o r a t e d  i n t o  t h e  
i n i t i a l  two h i g h  speed p r o p e l l e r  d e s i g n s  by use o f  t h e  B io t -Sava r t  
e q u a t i o n s  (pps .  67-69 of  r e f .  2 5 ) .  S i n c e  some of t h e  effects  d i s c u s s e d  
above  r e s u l t  i n  m u t u a l l y  c a n c e l l i n g  t r e n d s  t h e  i n c l u s i o n  of a s i n g l e  
e f f e c t  may n o t  be  t h e  b e s t  d e s i g n  approach .  
T h i s  a n a l y s i s  u s e s  a s t r a i g h t  l i f t i n g  
I n  t h e  d e s i g n  of t h e  two i n i t i a l  advanced t u r b o p r o p  c o n f i g u r a t i o n s ,  
Hami l ton  S t a n d a r d  used t h e  above d e s i g n  p r o c e d u r e ,  i n c l u d i n g  t h e  B io t -Sava r t  
e q u a t i o n s  i n  a n  a t t e m p t  t o  f u r t h e r  o p t i m i z e  t h e  G o l d s t e i n  b l a d e  l o a d i n g .  
The f i r s t ,  d e s i g n a t e d  SR-1, u t l l i z e d  a b l a d e  w i t h  about  30 d e g r e e s  of 
sweep a t  t h e  t i p ;  and t h e  s e c o n d ,  d e s i g n a t e d  SR-2, was f o r  a s t r a i g h t  
b l a d e .  The c h a r a c t e r i s t i c s  o f  t h e  s w e p t  b l a d e ,  SR-1, a r e  shown in 
f i g u r e s  1 3 ( a )  and 1 3 ( b ) ,  and t h o s e  of  t h e  s t r a i g h t  b l a d e ,  S R - 2 ,  are 
shown i n  f i g u r e  1 3 ( c ) .  The t h i c k n e s s  and chord d i s t r i b u t i o n s  of b o t h  
b l a d e s  were i d e n t i c a l .  The b l a d e s  d i f f e r e d  somewhat i n  camber and 
t w i s t  d i s t r i b u t i o n s  due  t o  d i f f e r e n c e s  I n  sweep and s p i n n e r  geometry,  
SR-1 had a c o n i c a l  s p i n n e r  and SR-2 had an a r e a  r u l e d  e p i n n e r .  Both 
used  NACA 1 6 - s e r i e s  a i r f o i l  s e c t i o n s  i n  t h e  o u t b o a r d  r e g i o n s .  The SR-1 
u t i l i z e d  NACA 6 5 - s e r i e s  b l a d e s  i n  t h e  hub r e g i o n  whereas  t h e  SR-2 
u t i l i z e d  a mod i f i ed  6 5 - s e r i e s  h a v i n g  a c i r c u l a r  arc mean camber l i n e .  
I n  g e n e r a l ,  e x c e p t  f o r  sweep,  SR-1 and SR-2 were similar.  The 
r e s u l t i n g  d e s i g n  c h a r a c t e r i s t i c s  f o r  b o t h  were i d e n t i c a l  as shown below: 
0 . 8  Cruise Mach Number 
10 .668  km (35,000 f t )  C r u i s e  A l t i t u d e  
8 B lades  
203 A c t i v i t y  F a c t o r  Pe r  B lade  
301 kW/rn2 (37.5 HP/ f t2 )  Power Loading  
243 .8  m/sec (800 f t l s e c )  T i p  Speed 
0 .08  I n t e g r a t e d  Des ign  L i f t  C o e f f i c i e n t  
Because a v a r i a t i o n  of t h e  G o l d s t e i n  program was n o t  u sed  i n  t h e  d e s i g n  
p r o c e d u r e  t h e  swept  b l a d e  l o a d i n g  shown i n  f i g u r e  1 4  is  n o t  t h e  c l a s s i c a l  
G o l d s t e i n  l o a d i n g ;  b u t  i t  i s  similar t o  i t .  The s t r a i g h t  b l a d e  con- 
f i g u r a t i o n  a l s o  had a similar l o a d i n g  d i s t r i b u t i o n .  Because of t h e  
s t r a i g h t  t i p s  t h e  c a l c u l a t e d  c o m p r e s s i b i l i t y  l o s s e s  were h i g h e r  f o r  t h i s  
b l a d e  and t h e  c a l c u l a t e d  d e s i g n  n e t  e f f i c i e n c y  was o n l y  77  p e r c e n t  i n  
c o n t r a s t  t o  79.5 p e r c e n t  f o r  t h e  swept  b l a d e .  
WIND TUNNEL MODELS AND TESTS 
T ~ E  d e s i g n  p r o c e d u r e s  d i s c u s s e d  above were used  by Hamil ton S tanda rd  
t o  g e n e r a t e  two i n i t i a l  advanced  t u r b o p r o p  c o n f i g u r a t i o n s .  The f i r s t  
u t i l i z e d  a swept  b l a d e  approach  and t h e  second a s t r a i g h t .  Under c o n t r a c t  
t o  Lew!s, Hami l ton  S t a n d a r d  t h e n  f a b r i c a t e d  t h e s e  two i n t o  62.23 c m  (24 .5  i n . )  
d i a m e t e r  scale wind t u n n e l  models .  The two models  a re  shown i n  f i g u r e  1 5  
i n s t a l l e d  on a 373 kW (500 HP) p r o p e l l e r  t e s t  r i g  (PTR) i n  t h e  U n i t e d  
Technology Resea rch  C e n t e r  (UTRC) La rge  Subson ic  Wind Tunnel .  The PTR 
i s  powered by two e l ec t r i c  d r i v e  m o t o r s  and i n c l u d e d  a f o r c e  b a l a n c e  
f o r  measu r ing  p r o p e l l e r  t h r u s t  and  a t o r q u e  meter f o r  s h a f t  power. The 
models  were composed of t h e  b l a d e s ,  s p i n n e r ,  and a s i m u l a t e d  axisymmetric 
n a c e l l e .  The swept  c o n f i g u r a t i o n  is shown i n  f i g u r e  1 5 ( a )  and t h e  s t r a i g h t  
b l a d e  c o n f i g u r a t i o n  i n  f i g u r e  1 5 ( b ) .  A s  can  b e  s e e n  i n  f i g u r e  1 5  t h e  swept  
b l a d e  c o n f i g u r a t i o n  had a n  approx ima te  c o n i c  s p i n n e r  w i t h  b l a d e  r o o t  
p l a t f o r m s  and t h e  s t r a i g h t  b l a d e  c o n f i g u r a t i o n  had a n  a r e a - r u l e d  s p i n n e r  
w i t h o u t  p l a t f o r m s .  
f a c i l i t a t e  a wide r  r a n g e  i n  b l a d e  a n g l e  ( 3  314) c a p a b i l i t y .  With t h e  
p l a t f o r m s  b l a d e  a n g l e  c o u l d  t h e r e f o r e  b e  v a r i e d  f rom r e v e r s e  t h r u s t  
t h rough  f e a t h e r  ( -8" t o  go"+) w i t h o u t  c o n t a c t i n g  t h e  s p i n n e r .  The c o n i c  
s p i n n e r / n a c e l l e  combina t ion  was d e s i g n e d  i n i t i a l l y ,  as d i s c u s s e d  i n  t h e  
p r e v i o u s  s e c t i o n ,  t o  s u p p r e s s  t h e  l o c a l  f low f i e l d  n e a r  t h e  b l a d e  l e a d i n g  
Xoot p l a t f o r m s  were u s e d  w i t h  t h e  c o n i c  s p i n n e r  t o  
9 
edge ,  The a r e a - r u l e d  s p i n n e r  concep t  w a s  t h o u g h t  of l a t e r  and t h e r e t o r e  
was used  o n l y  on t h e  second n o d e l ,  Both p r o p e l l e r s  used  t h e  same n a c e l l e  
geometry which  had a r a t i o  o f  m a x i m u m  d i a m e t e r  t o  p r o p e l l e r  d i ame te r  of 
0 .35.  
A compar ison  of t h e  two b l a d e  c o n f i g u r a t i o n s  is shown in f i g u r e  1 6  
and t h e  d e t a i l e d  aerodynamic and  g e o m e t r i c  d e s i g n  c h a r a c t e r i s t i c s  f o r  
each  b l a d e  were s h a m  p r e v i o u s l y  i n  f i g u r e  1 3 ,  By comparing t h e  d e t a l s  
i n  f i g u r e s  13(a) and ( c ) ,  and t h e  pho tograph  ( f i g .  1 6 )  i t  i s  e v i d e n t  
t h a t  t h e  two c o n f i g u r a t i o n s  were e s s e n t i a l l y  t h e  same excep t  t h e  SR-1 
i n c l u d e d  30" of  aerodynamic sweep a t  t h e  t i p .  
The wind t u n n e l  tes ts  were conducted  a t  z e r a  model i n c i d e n c e  t o  r h e  
f l o w  over a r ange  in Mach number f rom 0.15 t o  0 .85 .  B lade  a n g l e ,  
( 8  3 / 4 ) ,  which  i s  d e f i n e d  a t  t h e  r a d i u s  r a t i o  s t a t i o n ,  (K/R), of 0 75, 
was v a r i e d  a t  each  Mach number. 
TEST RESELTS 
Wind Tunnel  tes t  r e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e s  1 7  through 2 1 .  
I n  f i g u r e s  1 7  and 18 d a t a  a r e  p r e s e n t e d  from t h e  swept  b l a d e  c o n t l g u r a t i o n  
(SR-1) and i n  f i g u r e s  1 9  and 20 f rom t h e  s t r a i g h t  b l a d e  c a n f i g b r a t i o n  
(SR-2).  A summary of  t h e  more p e r t i n e n t  c r u i s e  r e s u l t s  is  p r e s e n t e d  i n  
f i g u r e  21. 
- 
I n  f i g u r e  1 7  n e t  e f f i c i e n c y  (met) and power c o e f f i c i e n t  (Cp) a r e  
p r e s e n t e d  f o r  t h e  swept b l a d e  model (SR-1)  at  t h e  d e s l g n  c r u i s e  Mach 
number (Mo = 0.8) and low speed  ( M o  = 0 . 2 ) .  
range  o f  b l a d e  a n g l e  (6 3 / 4 )  a t  each  Xach number. The a n a l y c t c a l  p r e -  
d i c t e d  pe r fo rmance  po in t  f o r  each  s p e e d  Is a l s o  shown as a s o l i d  symbol-  
As ment ioned  p r e v i o u s l y  t h e  a n a l y t i c a l  d e s i g n  p o i n t  fo r  t h e  swept b l a d s  
would y i e l d  an e f t i c i e n c y  of 79 5 p e r c e n t  a t  an  adLance r a t i o  ( J  - 3.06)  
and p a r e r  c o e f f i c i e n r  of (Cp 1. 7 )  A s  ment ioned  p r e v i o b s l y  t h i s  
d e s i g n  p o i n t  does  n o t  e x i s t  a t  t h e  advance  r a t i o  ( J )  where t h e  maximum 
e f f i c i e n c y  would be expec ted .  A s  s e e n  in r h e  d a t a  a t  t h e  maximum 
e f f i c i e n c y  t h e  power absorbed  is l m .  The p r e d i c t e d  b l a d e  a n g l e  was 
56",  b u t  as s e e n  In f i g u r e  17(a), a n  e x p e r i m e n t a l  v a l u e  5 
w a s  r e q u i r e d  t o  a c h i e v e  t h e  d e s i g n  power. S i m i l a r  r e s u l c s  were  obse rved  
at low s p e e d ,  however t h e  b l a d e  a n g l e  d l f f e r e n c e  w a s  o n l y  3' 
of t h e  pe r fo rmance  d a t a  is p r e s e n t e d  i n  f i g u r e  18 as a f u n c t i o n  of power 
l o a d i n g  (SHP/D2). 
f i g u r e  1 7 ( a )  a r e  p r e s e n t e d  t o r  a 2 4 3 . 8 4  m / s e c  (800 f c / s e c )  r i p  speed  
( a t  Mach 0 . 8 ) .  
was 7 7  p e r c e n t  compared t o  t h e  c a l c u l a t e d  v a l u e  a t  t h i s  c o n d i t i o n  of 
79.5 p e r c e n t  
( f i g .  15 )  were f a i r e d  o v e r  and s e a l e d  t h e  e x p e r i m e n t a l  per formance  i n -  
c r e a s e d  t o  a b o u t  7 8 . 2  p e r c e n t ,  S u t  w a s  s t i l l  below t h e  p r e d i c r e d  v a l u e  
Exper imen ta l  v a l u e s  of n e t  e f f i c i e n c y  d i d  exceed  80 p e r c e n t  w i t h  t h e  swept  
b l a d e s  a t  lower  power l o a d i n g s .  However, s h i f t i n g  t h e  d e s i g n  p j i n r  t 3  
Data a r e  p r e s e n t e d  f o r  a 
h i g h e r  ( 6 1 ' )  
A c r J s s p l o t  
In  f i g u r e  18(a) r h e  c r u i s e  n e t  e f i i c i e n c i e s  of 
A t  t h e  d e s i g n  power l o a d i n g  t h e  e x p e r i m e n t a l  e f f i c i e n c y  
When t h e  gaps between t h e  b l a d e s  and s p i n n e r  p l a t f o r m s  
10 
lower  power l o a d i n g s  may n o t  b e  d e s i r a b l e  s i n c e  t h i s  would r e s u l t  in l a r g e r  
p r o p e l l e r  d i a m e t e r s  and i n  h i g h e r  p r o p u l s i o n  sys t em w e i g h t s .  
The low speed  r e s u l t s  shown i n  f i g u r e  18(b) were conve r t ed  i n t o  
a t h r u s t  t o  power r a t i o  which i s  more a p p r o p r i a t e  f o r  a n a l y z i n g  t a k e o f f  
per formance .  This h a s  been  done s ince  t h e  e f f i c i e n c i e s  a t  t h e s e  epeedo 
a r e  v e r y  low ( <  50 p e r c e n t )  and t h e  s i g n i f i c a n c e  of advance  r a t i o  i e  
l o s t  a t  t h e  low forward s p e e d s .  These  r e s u l t s  a r e  a g a i n  shown ae a 
f u n c t i o n  of power l o a d i n g  f o r  sea l e v e l  o p e r a t i o n .  A t  low speed  t h e  d a t a  
are i n  c o n t r a s t  w i t h  t h e  c r u i s e  r e s u l t s .  A t  t h e  d e s i g n  power l o a d i n g  
t h e  e x p e r i m e n t a l  t h r u s t  exceeded  t h e  a n a l y t i c a l  p r e d i c t i o n  v a l u e  by 
a b o u t  10  p e r c e n t .  
where  t h e  e x p e r i m e n t a l  e f f i c i e n c i e s  exceeded  t h e  a n a l y t i c a l  p r e d i c t i o n .  
This r e s u l t  w a s  a l s o  i n d i c a t e d  i n  f i g u r e  1 7 ( b )  
I n  summary t h e  r e s u l t s  o b s e r v e d  w i t h  t h e  swept  b l a d e  c o n f i g u r a t i o n  
i n d i c a t e  t h a t  a t  c r u i s e  and t a k e o f f  f a i r l y  h i g h  per formance  can b e  
o b t a i n e d  b u t  t h e  a n a l y t i c a l  p r e d i c t i o n s  d o  n o t  a g r e e  w e l l  w i t h  e x p e r i -  
ment .  These d i f f e r e n c e s  o b s e r v e d  be tween t h e  a n a l y t i c a l  and e x p e r i m e n t a l  
r e s u l t s  w i l l  be  d i s c u s s e d  f u r t h e r  when t h e  r e s u l t s  of t h e  two b l a d e  
c o n f i g u r a t i o n s  a r e  compared and summarized.  
Per formance  d a t a  f o r  t h e  s t r a i g h t  b l a d e  p r o p e l l e r  (SR-2)  are 
p r e s e n t e d  i n  f i g u r e  19 f o r  Xach 0 .8  c r u i s e  ( f i g .  1 9 ( a ) )  and Mach 0 .2  
( f i g .  1 9 ( b j ) .  The d e s i g n  p o i n t s  f o r  e a c h  c o n d i t i o n  a r e  a l s o  shown at3 
s o l i d  symbols .  A t  Mach 0 . 8  c r u i s e  an e f f i c i e n c y  o f  77 p e r c e n t  a t  a b l a d e  
a n g l e  ( 3  3 1 4 )  of  5 6 . 8 "  was p r e d i c t e d .  A t  low speed  t h e  d e s i g n  b l a d e  
a n g l e  w a s  3 5 . 5 " .  An e x p e r i m e n t a l  b l a d e  a n g l e  of about  58"  was r e q u i r e d  
t o  o b t a i n  t h e  c r u i s e  power and a b o u t  3 8 . 5 "  t o  a c h i e v e  t h e  low s p e e d  
c o n d i t i o n .  The 1 . 2 "  d i f f e r e n c e  s e e n  a t  c r u i s e  i s  much c l o s e r  t o  t h e  
p r e d i c t e d  a n g l e  than  was t h e  SR-1  c o n f i g u r a t i o n  and is  w i t h i n  t h e  
c a p a b i l i t y  of t h e  c u r r e n t  d e s i g n  p r o c e d u r e s .  F i g u r e  19 a l s o  shows t h a t  
t h e  e f f i c i e n c i e s  measured w i t h  t h e  s t r a i g h t  b l a d e  a t  M, = 0 . 8  cruise were 
h i g h e r  t h a n  p r e d i c t e d  and i n  g e n e r a l  exceeded  80 p e r c e n t .  
A s  w i t h  t h e  swept SR-1 model t h e  pe r fo rmance  data  are shown c r o s s -  
p l o t t e d  i n  f i g u r e  20 as a f u n c t i o n  of power l o a d i n g s .  A t  Mach 0.8 
c r u i s e ,  d a t a  f o r  s e v e r a l  t i p  s p e e d s  are  shown. A t  t h e  d e s i g n  power 
l o a d i n g  o f  301 kk'/rn2 ( 3 7 . 5  SHP/ f t2 )  and t i p  speed  2 4 3 . 8  m/sec ( 8 0 0  f t / s e c )  
t h e  e x p e r i m e n t a l  e f f i c i e n c y  was 7 8 . 8  p e r c e n t  i n  c o n t r a s t  t o  t h e  c a l c u l a t e d  
value o f  7 7  p e r c e n t .  This somewhat h i g h  e x p e r i m e n t a l  e f f i c i e n c y  is n o t  
c o m p l e t e l y  unde r s tood  a t  t h i s  t i m e .  Because  of t h e  s t r a i g h t  b l a d e s  and  
h i g h  t i p  Mach number o f  1 .14  t h i s  c o n f i g u r a t i o n  was p r e d i c t e d  t o  h a v e  
more c o m p r e s s i b i l i t y  l o s s  t h a n  t h e  swept  b l a d e  c o n f i g u r a t i o n .  However, 
one  c o n t r i b u t i n g  f a c t o r  may h a v e  b e e n  t h e  i n f l u e n c e  of t h e  a r e a - r u l e d  
s p i n n e r  on t h i s  c o n f i g u r a t i o n .  
Because of t h e  r e l a t i v e l y  h i g h  e x p e r i m e n t a l  per formance  o f  t h e  
s t r a i g h t - b l a d e  p r o p e l l e r ,  i t s  o p e r a t i o n  a t  o f f - d e s i g n  c o n d i t i o n s  w a s  
i n v e s t i g a t e d  and shown i n  f i g u r e  2 0 ( a )  a t  o t h e r  t i p  s p e e d s .  An e f f i c i e n c y  
o f  80.2 p e r c e n t  was o b t a i n e d  a t  t h e  d e s i g n  power l o a d i n g  w i t h  a t i p  s p e e d  
1 1. 
o f  2 5 9  m/sec (850 f t / s e c ) .  The d a t a  a l s o  show t h a t  g r e a t e r  i n c r e a s e s  
i n  e f f i c i e n c y  may be  o b t a i n e d  f o r  l ower  t i p  speeds .  
r e s u l t s  ( f i g .  2 0 ( b ) )  a g a i n  i n d i c a t e  t h a t  t h e  e x p e r i m e n t a l  per formance  
w i t h  t h e  s t r a i g h t  b l a d e  s l i g h t l y  exceeded  p r e d i c t i o n .  
The low speed  
A summary of t h e  c r u i s e  per formance  a t  0 .8  Mach number i s  shown 
in f i g u r e  2 1  f o r  b o t h  t h e  swept  (SR-1) and s t r a i g h t - b l a d e  (SR-2)  
c o n f i g u r a t i o n .  Comparisons are made be tween t h e  expe r imen ta l  r e s u l t s  
of t h e  two c o n f i g u r a t i o n s  and a l s o  t h e  a n a l y t i c a l  p r e d i c t i o n s .  For 
t h e  s t r a i g h t - b l a d e  c o n f i g u r a t i o n  t h e  e x p e r i m e n t a l  r e s u l t s  show t h a t  t h e  
d e s i g n  per formance  was exceeded  and t h e  b l a d e  c a l c u l a t e d  d e s i g n  a n g l e  w a s  
o b t a i n e d  w i t h i n  t h e  d e s i g n  p r o c e d u r e  c a p a b i l i t i e s .  The r e s u l t s  were j u s t  
t h e  o p p o s i t e  w i t h  t h e  swept  b l a d e .  The e x p e r i m e n t a l  e f f i c i e n c y  f e l l  
below p r e d i c t i o n  and t h e  b l a d e  s e t  a n g l e  w a s  o f f  by 5 " .  During t h e  tests 
w i t h  t h e  swept b l a d e s  f l o w  v i s u a l i z a t i o n  and wake s u r v e y  d a t a  were o b t a i n e d .  
These d a t a  a l s o  i n d i c a t e  t h a t  t h e  swept  b l a d e s  were n o t  pe r fo rming  as 
des igned .  The wake s u r v e y  measurements  i n d i c a t e d  t h a t  t h e  l o a d i n g  a t  
t h e  d e s i g n  b l a d e  a n g l e  was c o n s i d e r a b l y  less t h a n  o r i g i n a l l y  p r e d i c t e d  
This  was e s p e c i a l l y  t r u e  i n  t h e  t l p  r e g i o n .  To compensate  i t  was 
n e c e s s a r y  t o  i n c r e a s e  t h e  b l a d e  a n g l e  by 5 "  t o  a c h i e v e  t h e  d e s i r e d  
power l o a d i n g .  T h i s  r e s u l t e d  i n  an  o v e r l o a d i n g  of t h e  b l a d e s  i n  t h e  
inboa rd  r e g i o n s .  The f l o w - v i s u a l i z a t i o n  d a t a  a l s o  i n d i c a t e d  a p o s s i b l e  
f low s e p a r a t i o n  a t  t h e  t r a i l i n g  edge  i n  t h e  mid-span r e g i o n s  of t h e  
b l a d e s .  I t  a p p e a r s  a t  t h i s  time t h a t  t h e  problems a s s o c i a t e d  w i t h  t h e  
swept b l a d e  l i e  w i t h  t h e  i n a b i l i t y  t o  p r o p e r l y  a c c o u n t  f o r  t h e  e f f e c t s  
of  t i p  sweep and n o t  w i t h  t h e  concep t  of sweep. A5 d i s c u s s e d  i n  t h e  s e c t i o n  
on Advanced P r o p e l l e r  Des ign  t h e  t e c h n i q u e s  used  are  n o t  comple te  and 
are n o t  u n i f i e d  i n t o  a n  i n t e g r a t e d  d e s i g n  p r o c e d u r e .  
- 
The compar isons  shown i n  f i g u r e  2 1  f o r  t h e  o f f - d e s i g n  c o n d i t i o n  
w i t h  t h e  s t r a i g h t  b l a d e  (SR-2)  i n d i c a t e  however t h a t  t h e  h i g h  p r o p e l l e r  
e f f i c i e n c i e s  r e q u i r e d  t o  o b t a i n  t h e  b l o c k  f u e l  and DOC s a v i n g s  p r o j e c t e d  
i n  t h e  m i s s i o n  a n a l y s i s  s t u d i e s  o f  r e f e r e n c e s  1 t o  1 3  shou ld  b e  o b t a i n -  
a b l e .  I n  a d d i t i o n ,  a f u r t h e r  a n a l y s i s  of  t h e  tes t  d a t a  a l o n g  w i t h  an  
e x a m i n a t i o n  of a l l  p r o p e l l e r  l o s s  mechanisms,  i n d i c a t e s  t h a t  i t  may be 
p o s s i b l e  t o  o b t a i n  p r o p e l l e r  e f f i c i e n c i e s  t h a t  approach  82 p e r c e n t  a t  
t h e  same d e s i g n  c o n d i t i o n .  T h i s  l e v e l  of per formance  would r e s u l t  i n  
even l a r g e r  f u e l  s a v i n g s  and DOC a d v a n t a g e s .  
POTENTIAL PERFORMANCE IMPROVEMENT AREAS 
The v e r y  encourag ing  r e s u l t s  of t h e  two i n i t i a l  tests have  s t i m u l a t e d  
From t h e s e  t e s t s  and s t u d i e s  i t  h a s  become a p p a r e n t  t h a t  f u r t h e r  s t u d i e s .  
t h e r e  are several areas where p o t e n t i a l  per formance  improvements may b e  
o b t a i n a b l e .  A l i s t  of t h e s e  areas is  shown i n  f i g u r e  22  Foremost among 
t h e s e  i tems i s  t h e  need f o r  an  u p d a t e d ,  comprehens ive  d e s i g n  a n a l y s i s  
C u r r e n t  a n a l y s e s  methods have become i n a d e q u a t e  e s p e c i a l l y  when t h e  
aerodynamics  become c o m p l i c a t e d  as w i t h  t h e  t r a n s o n i c  f low ove r  t h e  
swept -b lade ,  An updated  a n a l y s i s  would more a c c u r a t e l y  p r e d i c t  t h e  b l a d e  
geometry t o  g ive  an optimum l o a d i n g .  
Included i n  t h e  l i s t  of items t h a t  were u t i l i z e d  w i t h  t h e  i n i t i a l  
c o n f i g u r a t i o n s  are r e v i s e d  t w i s t ,  c l e a n e r  b l a d e  r o o t  f a i r i n g  and seal- 
i n g ,  improved sweep, advanced ( s u p e r c r i t i c a l )  b l a d e  s e c t i o n  technology,  
improved s p i n n e r / n a c e l l e  t a i l o r i n g  and a r e a - r u l i n g ,  and improved t h i c k n e s s  
d i s t r i b u t i o n s .  Some of t h e s e  items were i n c o r p o r a t e d  t o  some d e g r e e .  
i n  t h e  f i r s t  two d e s i g n s  and are t h e  pr imary r eason  f o r  t h e  h igh  per-  
formance t h a t  was observed.  However more work can be  done on each of t h e s e  
t o  arrive a t  an optimum c o n f i g u r a t i o n .  
on t h e s e  two i n i t i a l  d e s i g n s  i n c l u d e  i n c r e a s e d  b l a d e  numbers, lower 
d e s i g n  power l o a d i n g s ,  and t h e  u s e  of c o u n t e r  r o t a t i o n .  
O the r  items t h a t  =re n o t  u t i l i z e d  
The l a s t  i t e m m e n t i o n e d  i n  f igure 22  i s  probably t h e  most d i f f i c u l t  
t o  employ b u t  shows promise of hav ing  t h e  l a r g e s t  p o t e n t i a l  performance 
b e n e f i t .  F igu re  5 showed t h a t  t h e r e  w a s  a 7 p e r c e n t  s w i r l  l o s s  w i t h  t h e  
c u r r e n t  s i n g l e  r o t a t i o n  p r o p e l l e r  d e s i g n s .  With t h e  u s e  of  c o u n t e r - r o t a t i o n  
r ecove ry  of a t  least  h a l f  ( o r  more) of  t h i s  loss may b e  p o s s i b l e .  
FUTURE TESTS 
To f u r t h e r  e x p l o r e  some of  t h e  p o t e n t i a l  performance g a i n s  l i s t e d  
on f i g u r e  2 2 ,  NASA Lewis Research C e n t e r  i s  p l ann ing  t o  i n v e s t i g a t e  several 
advanced s i n g l e  and c o u n t e r - r o t a t i o n  p r o p e l l e r  models. This work is  
planned t o  be  done i n  s u p p o r t  of t h e  NASA Advanced Turboprop Program 
(FY 1 9 7 8  new program). The s i n g l e  r o t a t i o n  models w i l l  be  t e s t e d  on t h e  
NASA L e w i s  Research Cen te r  7 4 5 . 7  kW (1000 HP) P r o p e l l e r  Test Rig shown 
in f i g u r e  2 3 .  This r i g  i n c o r p o r a t e s  a s m a l l  6-inch d i ame te r  a i r  t u r b i n e  
and a r o t a t i n g  b a l a n c e  ( l o c a t e d  d i r e c t l y  behind t h e  t e s t  p r o p e l l e r )  t o  
measure t h r u s t  and to rque .  
CONCLUDING REMARKS 
FDT t h e  advanced tu rboprop  t o  b e  c o m p e t i t i v e  w i t h  proposed advanced 
t u r b o f a n  eng ines  i t  must demons t r a t e  h i g h  p r o p u l s i v e  e f f i c i e n c y  a t  Mach 
0 .8  c r u i s e  above 9.144 km (30,000 f t )  a l t i t u d e .  This  g o a l  w i l l  r e q u i r e  
t h e  i n c o r p o r a t i o n  of several advanced aerodynamic concep t s .  
f o r  t h i s  advanced turboprop needs t o  b e  des igned  i n t e g r a l l y  w i t h  t h e  
local nacel le  f low f i e l d  and t a k e  advan tage  of  a l l  t he  aerodynamic 
s u p p r e s s i o n  p o s s i b l e  t o  overcome t h e  i n h e r e n t  c o m p r e s s i b i l i t y  l o s s e s  a t  
t h e s e  h igh  c r u i s e  speeds.  The two i n i t i a l  models were des igned  t o  
employ s e v e r a l  of t h e s e  aerodynamic s u p p r e s s i o n  concep t s .  R e s u l t s  from 
t h e s e  f i r s t  two c o n f i g u r a t i o n s  were v e r y  encouraging and demonstrated t h e  
p o t e n t i a l  f o r  meet ing,  and p o s s i b l y  e x c e e d i n g ,  t h e  performance g o a l  of 
80 p e r c e n t  e f f i c i e n c y  a t  Mach 0 .8  c r u i s e .  
(SR-1) i n d i c a t e  t h a t  more e f f o r t  is r e q u i r e d  t o  p r o p e r l y  i n c o r p o r a t e  sweep 
s o  t h a t  t h e  e s t ima ted  aerodynamic performance g a i n s  may b e  r e a l i z e d .  
S i m i l a r l y ,  work is planned t o  e v a l u a t e  t h e  p o t e n t i a l  b e n e f i t s  of coun te r -  
r o t a t i o n ,  which may exceed t h e  maximum performance expected from s i n g l e  
A p r o p e l l e r  
R e s u l t s  from t h e  swept b l a d e  
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r o t a t i o n .  I n  a d d i t i o n ,  any f u t u r e  commercial  t u rboprop  a i r c r a f t  mus: 
have  a c a b i n  envi ronment  e q u i v a l e n t  i n  r i d e  q u a l i t y  and comfor t  t o  t h e  
e x i s t i n g  wide body t u r b o f a n s .  T h i s  i s  a technology a r e a  t h a t  was n o t  
d i s c u s s e d  i n  t h i s  p a p e r ,  however, a n  e f f o r t  i s  c u r r e n t l y  p lanned  as pa r t  
of  NASA'S Advanced Turboprop Program t o  meet t h i s  need .  
SYMBOLS 
AF 
AR 
b 
cL3 
c L i  
b l a d e  a c t i v i t y  f a c t o r  = 
n 
r / R  = 1 . 0  
100,000 I ' b/D ( r / N 3  d ( r / R )  
hub 16 LJ 
a s p e c t  r a t i o  
e l e m e n t a l  b l a d e  c h o r d ,  cm ( i n . )  
e l e m e n t a l  b l a d e  d e s i g n  l i f t  c o e f f i c i e n t  
i n t e g r a t e d  d e s i g n  l i f t  c o e f f i c i e n t  
r / R  = 1 . 0  
P 
= 4Jhub 
3 5  CP power c o e f f i c i e n t  = P/pn D 
D t i p  d i a m e t e r ,  cm ( i n . )  
DOC d i r e c t  o p e r a t i n g  c o s t  
dCp/d( r /R)  e l e m e n t a l  power c o e f f i c i e n t  
(CP = r d C p / d ( r / R ) )  
L' 
dCT/d(r /R)  e l e m e n t a l  t h r u s t  c o e f f i c i e n t  
J 
M 
0 
r; 
P 
advance  r a t i o ,  V /nD 
0 
l o c a l  Mach number 
f r e e s t r e a m  Mach number 
r o t a t i o n a l  speed ,  r e v o l u t i o n s  p e r  second 
power,  kW ( f t - l b / s e c )  
1 4  
PTR 
r 
R 
SHP 
SR 
T 
t 
V 
0 
V 
X 
3 3 1 4  
propeller t e a t  rig 
r a d i u o ,  cm ( i n . )  
b lade  t i p  r a d i u s ,  c m  (in. ) 
s h a f t  power, kW ( f t - l b / s e c )  
s i n g l e  r o t a t i o n  
t h r u s t ,  Newtons ( l b )  
elemental b l a d e  t h i c k n e s s ,  c m  ( i n . )  
l o c a l  v e l o c i t y ,  m/sec ( f t / s e c >  
freestream v e l o c i t y ,  m/sec ( f t / s e c )  
a x i a l  d i s t a n c e ,  cm ( i n . )  
b lade  angle  a t  75 percent  r a d i u s ,  deg. 
e f f e c t i v e  b l a d e  t w i s t ,  deg. 
i d e a l  p r o p u l s i v e  e f f i c i e n c y  = 
Vo) /SHP ( T i d e  a1 
(excludes b l a d e  p r o f i l e  drag  and c o m p r e s s i b i l i t y  l o s e e r )  
i n s t a l l e d  e f f i c i e n c y  * ((T-DIinstalled Vo) / SHP ‘ i n s t a l l e d  
( i n s t a l l e d  t h r u s t  minus d r a g  of a i r c r a f t )  
‘net n e t  e f f i c i e n c y  = (Tnet Vo)/SHP 
( t h r u s t  c o r r e c t e d  f o r  buoyance e f f e c t s )  
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Figure 13. - Concluded. 
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Figure 14. - Swept blade t h r u s t  and power coefficient loading 
distributions. 
(a) SR-1, swept blade. 
Figure 15. - Propeller models in U.T.R.C. wind tunnel .  
(b) SR-2, straigbt blade with area-ruled hub. 
Figure !5. - Concluded. 
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F igu re  19. - Net ef f ic iency and power coef f ic ient  for straight- 
blade propel ler  model S R - 2  
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Figure 20. - Variat ion of net efficiency and t h r u s t  per shaft 
power w i th  power loading for straight-blade propeller S R - 2  
UPDATED ANALYSIS 
REVISED W l S T  
BLADE ROOT FAIRING AND SEALING 
IMPROVED SWEEP 
ADVANCED BLADE SECTIONS (SUPERCRITICALI 
IMPROVED SPINNER AREA RULING 
IMPROVED THICKNESS DISTRIBUTION 
INCREASED BLADE NUMBER 
LOWER POWER LOADING 
COUNTER ROTATION 
F igu re  22. - PGtential per formance improvements. 
F i g u r e  23. - Lewis PTR in 8-by 6-foot supersonic  w i n d  tunne l .  
N A S A - L e w t s  
